The local nonequilibrium quasiparticle distribution function in a normal-metal wire depends on the applied voltage over the wire and the type and strength of different scattering mechanisms. We show that in a setup with superconducting reservoirs, in which the supercurrent and the dissipative current flow ͑anti͒ parallel, the distribution function can also be tuned by applying a supercurrent between the contacts. Unlike the usual control by voltage or temperature, this leads to a Peltier-like effect: the supercurrent converts an externally applied voltage into a difference in the effective temperature between two parts of the system maintained at the same potential. We suggest an experimental setup for probing this phenomenon and mapping out the controlled distribution function. DOI: 10.1103/PhysRevB.67.100502 PACS number͑s͒: 74.25.Fy, 74.40.ϩk, 74.50.ϩr, 74.45.ϩc Many of the well-understood phenomena in mesoscopic physics can be probed within the linear response of a physical system to an applied external perturbation, i.e., they are governed by equilibrium physics. Recently the attention has turned more towards the study of effects far from equilibrium. The quasiparticle distribution function f (x;E) characterizing the nonequilibrium was measured in a normal-metal ͑N͒ wire between two large reservoirs 1,2 through a superconducting ͑S͒ tunnel probe. This yielded useful information on the residual interactions between the Fermi-liquid quasiparticles. This nonequilibrium distribution was used to control the supercurrent in a normal-metal weak link.
Many of the well-understood phenomena in mesoscopic physics can be probed within the linear response of a physical system to an applied external perturbation, i.e., they are governed by equilibrium physics. Recently the attention has turned more towards the study of effects far from equilibrium. The quasiparticle distribution function f (x;E) characterizing the nonequilibrium was measured in a normal-metal ͑N͒ wire between two large reservoirs 1,2 through a superconducting ͑S͒ tunnel probe. This yielded useful information on the residual interactions between the Fermi-liquid quasiparticles. This nonequilibrium distribution was used to control the supercurrent in a normal-metal weak link. [3] [4] [5] Both of these setups serve as different types of local probes for f (x;E).
As a further step, we describe the control of f (x;E) via the supercurrent. We show that, unlike other control parameters, it changes the profile of the effective temperature through the sample in the form of a large Peltier effect, i.e., heating the electrons in one part of the structure, and cooling them in another-even in the case of complete electron-hole symmetry. Moreover, we show how the two types of measurements for f (x;E) can be combined within the same sample.
We concentrate on studying a diffusive normal-metal wire where elastic scattering is the dominant scattering mechanism. In the absence of superconductivity and for wires much shorter than the inelastic scattering length, the steadystate distribution function between two reservoirs with chemical potentials 1 and 2 has a double-step form, interpolating between the two Fermi functions in the reservoirs. When the N reservoirs are replaced by superconducting ones, the leading transport mechanism at energies below the superconducting gap ⌬ is Andreev reflection. 6 This leads to a penetration of superconducting correlations into the N wire ͑superconducting proximity effect͒. It modifies the charge and energy conductivities and we may introduce the corresponding diffusion coefficients D T (x;E) and D L (x;E) depending on space and energy. 7 More importantly, the proximity effect allows supercurrents to flow through the N wire. To describe these effects, it is convenient to separate f (x;E) into symmetric and antisymmetric parts relative to the chemical potential S of the superconductor,
Below, we choose S ϭ0. These functions describe charge and energy distributions, respectively. They satisfy the kinetic equations
Here we assume no energy relaxation, so the kinetic equations describe the conservation of j T (E) and E j L , the spectral charge and energy currents, respectively. Terms D T , D L , j E , and T can be found from quasiclassical equations for the retarded Green's function in the diffusive limit. 9, 7 All of them depend on the phase difference between the superconductors such that for ϭ0, j E and T vanish. In our case, the charge diffusion coefficient D T is increased at most up to 20% from its normal-state value D T ϭ1, 10 whereas for energies below ⌬, D L tends towards zero near the S interface, effectively prohibiting energy transport. The term T(x;E,) ͑Ref. 8͒ is obtained as a cross term from the retarded and advanced Green's functions. In general, it is much smaller than the other coefficients. The supercurrent is described by a spectrum j E (E;) of supercurrent-carrying states, [11] [12] [13] which yields a contribution j E f L (x) to the spectral charge current and, under nonequilibrium conditions involving f T (x) 0, a contribution to the energy current E j E f T (x).
These kinetic equations have to be supplied with boundary conditions. At N reservoirs, electrons are simply transmitted and the distributions have to match Fermi functions with shifted chemical potentials. At the NS interface for ͉E͉Ͻ⌬, Andreev reflection prohibits the transfer of energy into S yielding j L ϭ0. The charge distribution is continuous, which leads to f T (E)ϭ0 at the NS interface assuming that there is no charge imbalance in the leads.
The nonequilibrium distribution function may be characterized through its moments, the local chemical potential (x) and the local effective temperature T eff (x). The previous characterizes the charge distribution function as (x) ϭ͐ 0 ϱ dE f T (x;E). The effective temperature describes the amount of heat in the electron system and is related to the energy distribution function via
where
2 ) is the Lorenz number and the corresponding zero-temperature distribution has a step-function form f L,0 (x;Eу0)ϭ1Ϫ͓EϪ(x)͔.
In the absence of the supercurrent, the kinetic Eqs. ͑3͒ and ͑4͒ are not coupled and, consequently, there is no thermoelectric coupling between the applied voltage and the energy currents. This results from the assumption of bands with complete electron-hole symmetry in the derivation of the formalism. Beyond the limits of the formalism, it is known that electron-hole symmetry breaking leads to small thermoelectric effects in normal metals, limited by the tiny factor k B T/⑀ F . 14 Below, we study a multiterminal setup depicted in the inset of Fig. 2 : varying the voltage between the N and S reservoirs while maintaining the superconductors at equal potentials allows one to vary the distribution function in the phase-coherent wire. Such a device has already been implemented for controlling the critical current for the dc Josephson effect. 5 It permits to study the supercurrent under nonequilibrium conditions without the complications caused by the ac Josephson effect and is, hence, an appropriate system for demonstrating the physics outlined above: As the energy flow E j E f T (x) carried by the extra quasiparticles injected into the supercurrent-carrying states cannot pass into the superconductors, it has to be counterbalanced by another energy flow. This flow is driven by the gradient of the energy distribution function ED L ‫ץ‬ x f L and hence, the applied control voltage is converted into a gradient of the effective temperature through the supercurrent.
Solving Eqs. ͑3͒ and ͑4͒ for ϭ0 and EϽ⌬ is similar to a two-probe N-S case:
7 f L stays constant throughout the phase-coherent wire at its value in the N reservoir, f L 0 (V) ϭ"tanh͓(EϩeV)/2k B T͔ϩtanh͓(EϪeV)/2k B T͔…/2 and f T is slightly modified from the linear space dependence due to the proximity effect on D T . 10 Increasing the phase induces a finite supercurrent into the weak link, thereby coupling f L and f T . First neglecting the small coefficient T, we get
Assuming that j E is small, we observe that the major change due to the supercurrent is expected for f L (E,x); in particularly, it will depend on space.
In general, a closed-form solution for f L (x;E), f T (x;E) cannot be found. Therefore, we focus on a numerical solution of both the spectral and kinetic equations. Here and below, we assume that all the energies are below ⌬. The effect of the supercurrent on the distribution functions is clearest at a low temperature k B TՇE T . The resulting distribution function f (x,E) for the right-hand horizontal arm is plotted in Fig. 1 for ϭ/2, yielding a supercurrent close to its maximum. As expected, the antisymmetric part of f (x;E) has become space dependent, its energy dependence following that of j E . Fixing a position in space, chosen, for example, near the NS interface in the left-hand side horizontal arm, allows us to observe how the distribution function changes as a function of phase , i.e., as it is driven by the supercurrent. This is illustrated in Fig. 2 , where f L (E;) is plotted for a few values of .
In the three-probe case, the chemical potential (x) interpolates nearly linearily between the chemical potentials of the superconductor and the normal reservoir and varies only little with the supercurrent. The changes in the effective temperature T eff are much more pronounced. In the absence of the supercurrent, T eff is
͑7͒
Both T eff (x;ϭ0) and (x;ϭ0) are symmetric in the two horizontal arms. The supercurrent-induced change in f L (x;E) can be described through the change of the effective temperature compared to Eq. ͑7͒, such that T eff (x) ϭ͓T eff 0 (x) 2 ϩS(x;V)ϩ␦(x;)͔
1/2
, where
and ␦(x;)ϵ͓(x;) 2 Ϫ(x;ϭ0) 2 ͔/2 describes the change in the local chemical potential due to the supercurrent, a much smaller term than S(x). The kinetic equations imply that the supercurrent-induced change of the distribution function f L is antisymmetric between the two arms, hence so is S(x), i.e., T eff increases in one arm and decreases 
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in the other one. Hence, the system works analogously to a Peltier device, where the control current is replaced by the supercurrent: the supercurrent ''cools'' one part of the system, transferring the heat to another part. The supercurrentinduced temperature change S(x;V) is illustrated in Fig. 3 .
To obtain an estimate for S(x;V,), we approximate D T (E;x)ϭ1 and find
͑9͒
At low temperatures k B TӶeV, f T reduces to a step function around the potential eV in the reservoir, cutting the integration off at EϭeV. Thus, this current-induced temperature change, which is similar to the Peltier effect, is much larger than in conventional single-metal setups.
For the measurement of the predicted effects in the distribution function, we suggest a setup shown in the inset of Fig.  2 -very similar to those used in Refs. 1,2. Such a setup has also been used as a local thermometer 15 of the electronic temperatures. A superconducting wire is connected to the horizontal arm via a highly resistive tunneling layer ͑I͒ at position, say, xϭx c . The dc current is then given by the tunneling quasiparticle current
where N S S (E) is the BCS density of states ͑DOS͒ of the tunnel probe, N N (E) is the local DOS in the mesoscopic wire at xϭx c , N S and N N are the normal-state DOS's for the two materials at EϭE F , f 0 (E) is the Fermi function, and f (E) is the distribution function to be measured. When all the wires are in the normal state, the resistance through the tunnel junction is R. We can separate this expression as I J ϭI 1 ϩI 2 , where I 1 is the tunneling current for the equilibrium system Vϭ0, probing (E) and
depends on the state of the wire, and for an equilibrium state, Vϭ0, vanishes. In order to isolate I 2 , one can first determine I 1 as a function of the supercurrent by investigating the equilibrium case. Then, I 1 may be substracted from the nonequilibrium results, leaving only currents I 2 . Moreover, I 2 () ϩI 2 (Ϫ) is proportional to the first part of Eq. ͑11͒, dependent on f T (E), and I 2 ()ϪI 2 (Ϫ) to the second, dependent on f L (E).
With the above setup, the distribution functions may be characterized as a function of both the voltage V and the supercurrent driven through the weak link. The setup also makes it possible to measure the local distribution function both through the NIS contact and through the SNS critical current. These two independent probes should permit to distinguish the contributions from different inelastic scattering effects along the lines of Ref. 1 .
So far we have completely neglected inelastic scattering in the wires. We can include energy relaxation due to shows the phase dependence of S(xϭ0) for eVϭ12E T ͑solid͒ and eVϭ8E T ͑dashed͒. In both curves, the bath temperature Tϭ0.
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electron-electron scattering phenomenologically, generalizing the method of Ref. 16 to include the effect of supercurrent. In the limit Lӷl , we may describe the nonequilibrium distribution functions by Fermi functions with local chemical potential and temperature. In this case, assuming for simplicity D T ϭ1 and Tϭ0, we can integrate the two kinetic equations over energy, obtain kinetic equations for (x) and T eff (x) and find in the limit of high ⌬
describe the local temperature and chemical potential modified by D L , respectively, and Q S ϭ͓͐dEE j E (E) f T (E,x)͔/2 is the energy current carried by the nonequilibrium supercurrent. The first equation states the conservation of the total current whereas the latter describes the temperature profile. In the absence of the proximity effect, these yield the effective temperature given in Eq. ͑7͒. Similarly as above, the effective temperature can also in this case be tuned via the supercurrent, through the control of Q S .
The predicted effect resembles a previously studied phenomenon in bulk superconductors, 17 where a temperature gradient along with a supercurrent generates a charge imbalance in S. Here, the finite voltage ͑described through f T ) along with the supercurrent produces a temperature gradient ͑spatial variation of f L ). 18 In Ref. 19 , another thermoelectric effect, the thermopower, has been measured experimentally in a similar type of a system. The coupling of the distribution functions through the supercurrent may explain part of the observed effects. In Ref. 20 , thermopower has been studied in the regime of high tunnel barriers and within linear response, leading also to an unexpectedly large effect. In that paper, all the distribution functions are, besides minor corrections, in quasiequilibrium: the transport is essentially driven by the discontinuities at the tunneling barriers. Moreover, Ref. 21 studies the Andreev interferometers through a numerical scattering approach, and predicts an oscillating thermopower as a function of the phase. However, there the quasiparticle current and supercurrent do not flow in parallel and the magnitude of the effect may be strongly affected by the very small size of the studied structure.
Summarizing, we predict that in a nonequilibrium situation created by applying a voltage between a normal metal and two superconductors, the nonequilibrium distribution functions in the normal-metal wire can be tuned by the supercurrent flowing between the superconductors. This results in a supercurrent-controlled Peltier effect. The predicted effect can be observed by the measurement of the tunneling current from an additional superconductor. 
